INTRODUCTION
============

Studies of migration in confined spaces are relevant to embryonic development and cancer metastasis because of the natural confinement of biological environments ([@B35]). Studying migration under confinement is particularly appropriate for understanding glioblastoma biology. Glioblastomas (glioblastoma multiform \[GBM\]) are extremely aggressive brain tumors characterized by their resistance to radiotherapy and highly invasive properties. Even with aggressive surgical resections coupled with radiotherapy and chemotherapy, the prognosis for GBM patients remains dismal (death normally occurs 3--14 mo after detection). This is because GBM cells (or grade IV gliomas) are able to rapidly migrate long distances within the brain, making complete surgical removal impossible. Blocking glioma migration would transform this brain tumor into a focal disease that would be easier to treat ([@B36]; [@B18]; [@B24]; [@B25]; [@B108]).

Glioma cells are generated in the brain and rarely metastasize to other tissues ([@B6]; [@B46]). However, these cells are able to invade and destroy most regions of the brain, leading to the rapid death of patients. These cells do not cross the blood--brain barrier and therefore do not use the blood flow to invade ([@B11]). Although their intrinsic migratory properties allow glioma cells to move between neuronal axons and dendrites in the brain parenchyma, linear tracks such as white matter tracts and blood vessel walls constitute their main invasion route, suggesting that a linear geometry could play a role in their invasive properties ([@B73]; [@B50]; [@B112]; [@B42]; [@B71]; [@B7]; [@B33]; [@B105]; [@B49]).

In a human brain, blood vessels represent hundreds of miles of linear tracks covered with matrix proteins such as collagen, laminin, and fibronectin ([@B60]; [@B8]; [@B72]; [@B39]). Moreover, they provide glucose and nutrients to surrounding cells ([@B113]). In vitro and in vivo studies show that glioma cells actively follow blood vessels to invade the brain. In fixed tissue specimens, collections of glioma cells are frequently found around blood vessels at the infiltrative margins of tumors ([@B112]; [@B71]). Electron microscopy shows that C6 glioma cells injected in rat brains contact and spread on blood vessels ([@B73]). Live-imaging experiments show that these cells invade almost exclusively along blood vessel paths, proliferating en route and encasing blood vessels ([@B33]; [@B105]; [@B49]).

On blood vessel walls, glioma cells use matrix proteins and integrin-based adhesion/migration pathways to invade ([@B39]; [@B40]; [@B100]; [@B71]; [@B33]; [@B105]; [@B67]; [@B49]). Laminin seems to play a specific role in glioma migration. It is enriched in and around the tumor, particularly around blood vessels ([@B72]). Moreover, integrin expression studies have underlined potential roles for the laminin receptors α2β1, α3β1, α6β1, and α6β4 in glioma invasion ([@B79]; [@B38]; [@B20]; [@B82]; [@B99]; [@B47]; [@B64]; [@B9]; [@B7]; [@B53]; [@B29]; [@B67]).

On blood vessel walls, glioma cells adopt a specific mode of migration that is different from their motility in the parenchyma ([@B49]). On blood vessel walls, glioma cells migrate faster and in a saltatory manner and display a unipolar elongated morphology, as opposed to their multipolar morphology observed in the parenchyma ([@B33]; [@B5]; [@B57]). Moreover, on blood vessels, glioma cells display lower Rac1 and CDC42 activities and higher RhoA activity than in cells migrating in the parenchyma ([@B33]; [@B105]; [@B49]). These observations indicate that glioma cells can switch from a slow, random migration mode (Rac and CDC42 dependent) when navigating in the parenchyma to a fast migration mode (Rho dependent) when streaming on linear blood vessels.

In the present study, we analyze the migration of rat C6 glioma cells and of human glioma--propagating cells (hGPCs) isolated from a patient, two cell lines that migrate efficiently in murine brains ([@B33]; [@B49]; [@B74]). We use micropatterning techniques to mimic blood vessel wall confinement. Using total internal reflection fluorescence microscopy and long-term imaging, as well as expression and phenotypic analysis, we find that formin proteins play an important and specific role in glioma linear migration.

RESULTS
=======

C6 glioma cells migrate efficiently on linear laminin tracks
------------------------------------------------------------

Fibronectin, collagen, and laminin are the most common extracellular matrix (ECM) proteins that have been localized to blood vessels or perivascular tissue in glioma ([@B60]; [@B8]; [@B72]; [@B39]). They all have been used in studies of glioma motility with various glioma cell lines (e.g., [@B41]; [@B86]; [@B106]). To clarify which substrate was the most efficient to stimulate motility in C6 glioma cells, we compared these three substrates side by side. On glass-bottom dishes coated with these matrix proteins at three different substrate concentrations (10, 50, and 100 μg/ml), we found that laminin supported better migration of C6 glioma cells than either collagen or fibronectin, indicating that laminin substrates were preferred for migration ([Figure 1, A, B, and D](#F1){ref-type="fig"}, and Supplemental Movie S1). On two-dimensional (2D) laminin-coated surfaces, C6 cells moved randomly, with the formation of a broad lamellipodium, and changed direction frequently. Long tails formed at the rear of cells and extended occasionally over 50--120 μm in length ([Figure 1B](#F1){ref-type="fig"}; white arrows; Supplemental Figure S3Ba). To better approximate the laminin topology in the brain, we stamped thin lines (width varying from 3 to 7 μm) of laminin onto Petri dishes. As shown in [Figure 1, C and E](#F1){ref-type="fig"}, C6 cells moved more rapidly along the lines (more than two times faster than in two dimensions), adopting a spindle shape with long leading processes (see also Supplemental Movies S2 and S3 and Supplemental Figure S1). This elongated spindle shape was similar to the "elongated unipolar shape" observed in vivo when C6 cells migrated along blood vessel tracks ([@B33]; [@B5]).

![Comparison of C6 glioma cell motility on different substrates. C6 glioma cells were plated on glass-bottom dishes coated with 10, 50, or 100 μg/ml laminin (LN), fibronectin (FN), or collagen (CN). Cells were imaged in phase contrast (1 image/6 min). Error bars are SDs. (A) Average of mean speed (μm/h) on each substrate. (B) Glioma cells adopt different shapes when seeded on different substrates (50 μg/ml). Montage showing snapshots of single cells during 6 h (1 frame/h). Scale bars, 10 μm. (C) Typical snapshot of a C6 glioma cell migrating on thin laminin micropatterned line. (D) Average of mean speed (μm/h) on laminin, fibronectin, and collagen at 50 μg/ml. Error bars are SD. (E) Average of mean speed (μm/h) on laminin-coated dish (2D) and 7-μm laminin micropatterned lines (7-μm lines). Error bars are SEM. *p* values were calculated using unpaired *t* tests.](1246fig1){#F1}

Glioblastoma linear migration is saltatory and involves paxillin-containing adhesions
-------------------------------------------------------------------------------------

C6 glioma cells exhibited saltatory migration on microfabricated laminin tracks similar to their motion in the brain ([@B33]; [@B49]; [Figure 2, A and B](#F2){ref-type="fig"}, and Supplemental Movie S2). Detailed analyses revealed that movement involved two phases: 1) cell elongation and 2) tail retraction. In phase 1, cells extended leading processes with small lamellipodia at a constant speed (63 ± 8 μm/h; *n* = 10), but the cell body moved forward at a slower speed (52 ± 4 μm/h; *n* = 10), causing elongation of the cell. Further, the tail often extended rearward, and that further elongated the cells ([Figure 2, A and B](#F2){ref-type="fig"}, and Supplemental Movie S2). Glioma cells migrating on thin laminin lines were able to change direction from time to time (18 ± 4.3% of cases). When changes in direction occurred, the tail became the leading edge ([Figure 2C](#F2){ref-type="fig"} and Supplemental Movie S3). To analyze adhesion and actin dynamics in the first phase (elongation), we transfected C6 cells with green fluorescent protein (GFP)--actin and red fluorescent protein (RFP)--paxillin or Arp3-mCherry and monitored the distribution of fluorescence at the cell/matrix interface with total internal reflection fluorescence microscopy (TIRFM). Paxillin-containing adhesions were observed as small patches 2 μm in length at both the leading edge and the tail. In addition to the cell leading edge, small lamellipodia containing Arp2/3 also formed on the sides of the cell as well as the rear, indicating that the cell was scanning its environment along its entire length ([Figure 2, D and E](#F2){ref-type="fig"}, and Supplemental Movies S4 and S5).

![Confined linear migration is saltatory and involves a leading process and a searching tail both containing adhesive patches and small lamellipodia. (A, B) Glioma cells were seeded on laminin-coated lines of 3-μm width and imaged every 30 s. (A) Montage corresponding to 90-min total time. (B) Kymograph corresponds to total time 3 h, 30 min; frames are 30 s apart. (C) Glioma cells were seeded on laminin-coated lines of 3-μm width and imaged every 6 min. Montage corresponds to 9-h total time. (D) Glioma cells transfected with GFP-actin and Arp3-mCherry were seeded on laminin-coated lines of 5-μm width and imaged using a TIRF microscope. Images extracted from the Supplemental Movie S4 showing the presence of Arp2/3 in lamellipodia protruding at the front, tail, and cell body. (E) Glioma cells transfected with GFP-actin and mCherry-paxillin were seeded on laminin-coated lines of 3-μm width and imaged using a TIRF microscope. Montage corresponds to 120-min total time. Paxillin-containing adhesions are present in the leading process and in the tail as noticeable patches 2 μm in length.](1246fig2){#F2}

During the second phase, the cell restored its original length by sudden retraction of the tail, rapid movement of the cell body forward (147 ± 16 μm/h; *n* = 10), and constant leading-edge movement (63 ± 8 μm/h; *n* = 10). During tail retraction, paxillin-containing adhesions disassembled. Of interest, before adhesion disassembly, some paxillin-containing adhesions elongated while nearby, smaller adhesions disappeared ([Figure 2E](#F2){ref-type="fig"}, zoom, and Supplemental Movie S5). It appeared that increased contractile forces caused the slip, clustering, and eventual disassembly of adhesions. Tracking analysis during tail retraction revealed that 50% of the adhesions were sliding in the direction of the cell movement and gathered together in bigger clusters before being ripped off. At the front of the cell, adhesion tracking revealed that most of the adhesions were stationary and traversed most of the cell length before disassembling (see adhesion track projections in Supplemental Figure S2 and Supplemental Movie S6).

Thus geometric confinement caused a switch from 2D random migration to an efficient two-phase, linear migration mode that was saltatory, similar to neuronal and glioma motility described in vivo, presenting small lamellipodial protrusions with paxillin-containing adhesion patches ([@B5]; [@B57]). This behavior was also reminiscent of the motility of fibroblasts on thin lines of fibronectin or gelatin ([@B31], [@B30]; [@B43]; [@B17]).

Mechanical constraint caused by increased cell density triggers glioma linear migration
---------------------------------------------------------------------------------------

Blood vessel diameter can vary greatly, ranging from 5 to 10 μm for the capillaries to 25 mm for the biggest arteries. In the brain, blood vessels can accommodate several rows of glioma cells that keep growing and overcrowd the surface. To understand how these cells can migrate in such a highly packed linear environment, we used a range of lines of bigger sizes and looked at the migration of dense glioma cell populations. The pattern we used had a large continuous region of laminin (reservoir) connected to 12 lines of different widths varying from 10 μm (line 1) to 400 μm (line 12; [Figure 3A](#F3){ref-type="fig"}, Supplemental Figure S3A, and Supplemental Movies S7 and S8; [@B103], [@B102]). Cells migrated spontaneously in the reservoirs, as well as on the lines, with a mean speed average of ∼30 μm/h (Supplemental Figure S1). In the reservoirs, they adopted a 2D random motion similar to their motion on glass-bottom dishes described in [Figure 1B](#F1){ref-type="fig"} (Supplemental Figure S3Ba). On the narrow lines, cells migrated in antiparallel arrays, resembling bidirectional currents ([Figure 3B](#F3){ref-type="fig"}, Supplemental Figure S3B, b and c, and Supplemental Movies S7 and S8). Tracking analysis showed a high persistency of migration (\>0.8) in most of the lines ([Figure 3, B and D](#F3){ref-type="fig"}, and Supplemental Movie S9). On larger lines, cells initially migrated in all directions similar to the reservoir, but over time, the lines became more crowded and cells oriented parallel to the line axis and moved in a linear migration mode with high persistency (see montages in [Figure 3E](#F3){ref-type="fig"} and Supplemental Movie S8). This indicated that increasing cell density could trigger coordinated antiparallel linear migration. We measured cell density, persistency, and speed on line 10 (130 μm) as a function of the time. At the beginning of the movie (0--6 h), cell density progressively increased from 1000 to 1500 cells/mm^2^, in the middle part of the movie (6--12 h) from 1500 to 1660 cells/ mm^2^, and toward the end of the movie (12--18 h) from 1660 to 1960 cells/ mm^2^ ([Figure 3F](#F3){ref-type="fig"}). At the beginning of the movie, the population was evenly distributed between cells with high and low persistency as well as high and low migration speed ([Figure 3G](#F3){ref-type="fig"} and Supplemental Figure S3C). Most of the cells became persistent only in the second part of the movie (6--12 h) when cell density reached the threshold of 1500 cells/mm^2^, with the fastest cells being the most persistent ([Figure 3H](#F3){ref-type="fig"} and Supplemental Figure S3C). The persistency continued even at higher cell density (12--18 h; [Figure 3E](#F3){ref-type="fig"} and Supplemental Figure S3C). The fast and persistent cells were often observed on the edge of the line (see also tracks of lines 11 and 12 in [Figure 3B](#F3){ref-type="fig"}) and migrated at a similar speed to that of single cells on thin lines (∼50 μm/h). They also displayed a similar elongated spindle shape (Supplemental Figure S3B, b and c).

![Mechanical constraint mediated by an increase in cell density triggers glioma linear migration. C6 glioma cells were plated on lines of laminin of different widths, varying from 10 µm (line1) to 400 μm (line12), and connected to a large reservoir. Cells were imaged after 1-h seeding for long periods of time in phase contrast using a 10× objective (1 image/6 min). (A) Reconstitution of the entire pattern at the end of the movie (24 h). (B) Tracks of the cell bodies during 6 h. (C) Comparison of C6 glioma cell behavior at the edge of lines coated with laminin (left) or poly-[l]{.smallcaps}-lysine (right). (D) Persistency average of C6 glioma cells migrating on each laminin-coated line. (E) Montage showing the transition from a 2D migration to the linear migration as the cell density increases on line 10 (130-μm width) over time. Frames are 6 h apart. Montage extracted from Supplemental Movie S8. (F) Cell density was measured on line 10 and is reported as a function of time. (G, H) Cell persistency and mean speed measured on line 10 in three different time windows. Best-fit lines are in red. *R* = 0.003 (G), 0.509 (H), and 0.446 (I). (J) GFP-PM--transfected cells were mixed with untransfected cells and seeded on laminin-coated lines of different sizes. GFP signal was used to follow the edges of the cells when streaming. Montage corresponds to 3 h, 10 min total time. Frames are 20 min apart. (K) C6 cells expressing GFP were seeded on 100-μm-wide laminin-coated lines and imaged in fluorescence and phase contrast using a 20× objective (1 image/10 min). Montage showing a cell using saltatory motility while migrating in the middle of the line. Frames are 30 min apart.](1246fig3){#F3}

To track the movement of single cells within a crowded line, we transfected glioma cells with a plasma membrane marker coupled to GFP (GFP-PM) or GFP only and followed the fluorescent cells moving among untransfected cells on the lines ([Figure 3, J and K](#F3){ref-type="fig"}, and Supplemental Movies S10 and S11). Similar to the isolated cells migrating on thin lines, cells migrating on large lines used a saltatory linear migration mode ([Figure 3, J and K](#F3){ref-type="fig"}, and Supplemental Movies S10 and S11). This was observed for cells on the edge as well as in the middle of lines ([Figure 3, J and K](#F3){ref-type="fig"}).

These results showed that the linear migration mode can occur on both thin and overcrowded, thick lines. On thick lines, the linear motion propagated from the side of the lines toward the center when cell populations reached a density threshold of 1500 cell/ mm^2^.

To determine whether this behavior depended on laminin, on the confinement, or on the proximity of nonadhesive edges, we monitored glioma cell behavior on poly-[l]{.smallcaps}-lysine--coated lines. In contrast to the laminin substrates, cells seeded on poly-[l]{.smallcaps}-lysine--coated lines aligned perpendicularly to the edge of all lines and reservoirs and did not migrate at all ([Figure 3C](#F3){ref-type="fig"}, Supplemental Figure S4, and Supplemental Movie S12). This result demonstrated that the confinement and geometry were not sufficient to trigger the streaming coordinated linear motion but that the laminin substrate was required. Taken together, these results showed that geometric and density confinement on laminin activated a linear migration mode.

To further demonstrate that confinement (i.e., reducing the available space to force the cells to adapt their shape) was necessary and that linear geometry coupled to laminin was not sufficient, we seeded glioma cells on laminin-coated fabricated lines 2 μm in width and separated by 2 μm from the next 2-μm line by a recessed region ([Figure 4, A--C](#F4){ref-type="fig"}). Similar to previous studies ([@B23]; [@B26]; [@B27]; [@B95]; [@B45]), cells did not penetrate grooves of this depth and relied on the upper surface. On these patterns, cells migrated on the lines and were not confined but were able to sense the geometry. Indeed, cells migrated in a directed manner parallel to the direction of the lines ([Figure 4D](#F4){ref-type="fig"} and Supplemental Movie S13). However, they adopted a 2D migration mode, as shown by the flat shape of the nuclei, their broad lamellipodia ([Figure 4E](#F4){ref-type="fig"}), and slower velocity than during the linear migration mode on thin lines ([Figure 4F](#F4){ref-type="fig"} and Supplemental Movie S13).

![Confinement is necessary to trigger glioma linear migration. (A) Schematic of the fabricated linear grooves. Scanning electron micrograph (B) and cross-sectional scanning electron micrograph (C) of fabricated linear grooves (2 μm × 2 μm × 2 μm). (D) C6 glioma cells preincubated with Hoechst 33342 were plated on the laminin-coated fabricated linear grooves and imaged for 15 h (1 image/6 min). Image shows the overlay of the tracks and nuclei at the end of the movie. (E) Micrograph of a GFP-transfected cell migrating on top of the linear grooves. (F) Mean speed comparison of cells migrating on 4-μm lines and the fabricated linear grooves.](1246fig4){#F4}

Thus three parameters of the blood vessel surface were sufficient to reproduce in vivo the saltatory mode of motility ([@B33]; [@B49]): 1) linear geometry, 2) high cell density (i.e., confinement), and 3) laminin coating.

Linear migration involves contractile, longitudinal actin cables regulated by formin and myosin II activity but not Arp2/3
--------------------------------------------------------------------------------------------------------------------------

To understand the importance of the actin and microtubule cytoskeleton in the 2D and linear modes of migration, we used specific inhibitors with acute affects ([Figure 5](#F5){ref-type="fig"} and Supplemental Movies S14 and S15). Drugs were added after cell migration started (∼3 h after seeding). Cells were imaged by phase contrast under the same conditions as in [Figures 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"} and tracked for at least 6 h. Both types of glioma cell movement slowed down significantly upon latrunculin A addition. Blebbistatin also caused a large decrease in velocity in both migration modes ([Figure 5C](#F5){ref-type="fig"}). Blebbistatin or latrunculin A addition caused similar alterations in cell shape, with cells extending extremely thin processes ([Figure 5, A and B](#F5){ref-type="fig"}). Nocodazole addition severely inhibited motility by blocking polarization of the cells; cell size shortened, but lamellipodial activity persisted ([Figure 5](#F5){ref-type="fig"} and Supplemental Movie S14). Of interest, small doses of nocodazole (0.1 μM) were sufficient to block the migration, similar to previous observations in two dimensions ([@B75]). Microtubules appeared to be important for the polarization of the motility and growth of leading processes but not for lamellipodial activity. Confocal images of C6 glioma cells stained with phalloidin on crowded 10-μm-wide lines revealed longitudinal actin bundles extending the full length of the cells ([Figure 5E](#F5){ref-type="fig"}). These actin bundles were decorated with active phospho--myosin II all along their length ([Figure 5F](#F5){ref-type="fig"}). Active phosphomyosin was also enriched around the nuclei and at the back of the leading process (Supplemental Figure S5A), which indicated primary sites of contractility. Active phospho--myosin II was also found along stress fibers and at the cytokinetic ring of dividing cells (Supplemental Figure S5B), indicating that the antibody was giving a specific signal ([@B5]; [@B63]). There are two major mechanisms of actin polymerization: Arp2/3-N-WASP-- or formin-dependent polymerization. Surprisingly, linear migration was not dependent on Arp2/3. Instead, the Arp2/3 inhibitor CK666 caused an increase in the linear migration velocity on thick lines, whereas it inhibited 2D random motion ([Figure 5C](#F5){ref-type="fig"} and Supplemental Movies S14 and S15). On 2D surfaces at low cell densities, CK666 treatment caused an indentation of lamellipodia and a decrease in velocity ([Figure 5, B and C](#F5){ref-type="fig"}). In contrast, at high densities on the large lines that activated the linear migration mode, CK666 addition caused sharper spindle shapes, better alignment in antiparallel arrays even in the reservoir ([Figure 5D](#F5){ref-type="fig"}), and higher velocities of migration. In contrast, addition of the formin inhibitor SMIFH2 ([@B88]) completely blocked 2D and linear migration by inhibiting process extension ([Figure 5, A and C](#F5){ref-type="fig"}). After SMIFH2 addition, on 2D surfaces at low cell densities, glioma cells developed large lamellipodia all around their periphery and were not able to polarize in any direction ([Figure 5, B and C](#F5){ref-type="fig"}, and Supplemental Movie S14). On the linear patterns, SMIFH2 addition blocked all process extension and migration ([Figure 5, A and C](#F5){ref-type="fig"}, and Supplemental Movie S15). This indicated that formins catalyzed actin filament assembly for process extension in the linear migration mode and could organize actin bundles all along the leading process.

![Linear migration mode involves contractile longitudinal actin cables dependent on formin but not Arp2/3. (A--C) C6 glioma cells were plated on a 2D flat surface and laminin lines of different widths. Cells were imaged for long periods of time (15--20 h) in the presence of different drugs: blebbistatin (50 μM), latrunculin (1.2 μM), nocodazole (0.1 μM), CK666 (100 μM), and SMIFH2 (20 μM). (A) Snapshots showing the effects of the drugs on the shape of the cells migrating on 10-μm lines. (B) Snapshots showing the effects of the drugs on the shape of the cells migrating on 2D surface (sparse condition). (C) Average of mean velocities (μm/h) over 6 h. Error bars represent SEM. (D) C6 glioma cells in the reservoir control or after CK666 treatment. Actin filaments were stained with Alexa 568--phalloidin and imaged using a confocal microscope. Treated cells on bottom show noticeable parallel actin bundles compared with control cells on the top. (E, F) Confocal images of glioma cells migrating on 20-μm lines fixed and stained for phospho--myosin light chain 2 (Ser-19) and phalloidin. Bars, 10 μm.](1246fig5){#F5}

Linear migration mode in human glioma-propagating cells
-------------------------------------------------------

We examined whether this linear type of motility was used by human glioma cells. For this purpose, we used a glioma-propagating cell line isolated from a glioblastoma patient showing highly invasive glioblastoma ([@B22], [@B21]; [@B74]). These cells were grown as tumor spheres without serum and were able to invade murine brains with great efficiency, reflecting the clinical observations. As observed in [Figure 6, A and B](#F6){ref-type="fig"}, and Supplemental Movie S16, these human GPCs were able to adhere and migrate on laminin substrates similar to C6 cells, whereas fibronectin did not stimulate migration. Unlike C6 cells, human GPCs were not able to adhere to collagen and stayed in suspension as tumor spheres. These cells adopted a spindle shape ([Figure 6D](#F6){ref-type="fig"}) and migrated readily on laminin-coated lines in a saltatory manner ([Figure 6E](#F6){ref-type="fig"} and Supplemental Movie S17). Similar to the rat C6 glioma cells, human GPCs migrating on laminin-coated lines were not affected by Arp2/3 inhibition, whereas formin inhibition using SMIFH2 completely blocked their migration ([Figure 6C](#F6){ref-type="fig"}).

![Linear migration mode in hGPCs. hGPCs were seeded on glass-bottom dishes coated with 50 μg/ml laminin, fibronectin, or collagen. Cells were imaged in phase contrast for 6 h (1 image/6 min). (A) Snapshots of hGPCs adopting different shapes when seeded on different substrates. Scale bar, 10 μm. (B) Average of mean speed (μm/h) over 6 h on fibronectin (FN) or laminin (LN). (C) HGPCs were seeded on 7-μm laminin-micropatterned lines. Cells were imaged in the presence of CK666 (200 μM) or SMIFH2 (10 μM). Average of mean speed (μm/h) over 6 h. Error bars are SEM. (D) Typical snapshot of hGPCs migrating on a 7-μm laminin micropatterned line. Scale bar, 50 μm. (E) Montage corresponds to 60-min total time; frames are 6 min apart. Scale bar, 50 μm.](1246fig6){#F6}

Localization, expression, and knockdown of formins in rat C6 glioma cells and human GPCs support a role for the formin FHOD3 in migration on linear laminin patterns
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

Because the formin inhibitor blocked linear migration in both glioma cell lines, we tested antibodies to a number of formins in order to identify the formins involved in glioma linear migration. We compared the expression levels of six different formins by Western blotting in glioma cells and two other rat cell lines--undifferentiated PC12 and rat embryonic fibroblasts REF52 ([Figure 7A](#F7){ref-type="fig"}). Each cell line expressed a different set of formins. PC12s expressed more FMNL1, whereas REF52 expressed more mDia1 and FHOD1. C6 glioma cells expressed all of the formins tested: mDia1, mDia2, FMNL1, FMNL2, FHOD1, and FHOD3. In particular, the levels of mDia2 and FHOD3 were higher than in the other cell lines, indicating that these two formins could be specifically involved in glioma migration. Moreover, FHOD3 and mDia2 were also present in human GPCs, again supporting a role for these two formins in glioma motility (Supplemental Figure S6, A--C). We then examined their involvement in glioma linear migration using knockdown experiments ([Figure 7, B--E](#F7){ref-type="fig"}, Supplemental Figure S6, and Supplemental Movie S19). Because mDia1 was also expressed by the two cell lines and has been involved in C6 glioma 2D migration (wound healing) and three-dimensional (3D) migration (Transwell; [@B109]), we also tested whether mDia1 was involved in glioma linear migration. We transfected human GPCs and rat C6 cells with short hairpin RNA (shRNA) targeting human or rat mDia1, mDia2, and FHOD3 cloned in GFP-expressing vectors. Three to four days after transfection, GFP-expressing cells were assayed for their ability to move along thin laminin lines (4--7 μm) and in two dimensions in comparison to shRNA control--transfected cells (Supplemental Movies S18 and S19). Protein knockdown levels were estimated by Western blot (see [Figure 7, C--E](#F7){ref-type="fig"}, for rat C6 and Supplemental Figure S6, A--C, for hGPCs) and varied between 40 and 90% knockdown, depending on the formin and the transfection efficiency (see Supplemental Figure 6, D and F, for knockdown quantification). In both cell lines, knockdown of FHOD3 reduced the migration speed on linear patterns ([Figure 7B](#F7){ref-type="fig"} and Supplemental Figure S6E) by a factor of two, whereas the effects of knocking down mDia1 or mDia2 were not significant compared with control conditions. However, the speed on 2D substrates was affected by FHOD3 and mDia1 knockdown, as observed by [@B109]). In addition, we observed that FHOD3-knockdown cells moved slowly and stayed close to each other instead of spreading and exploring their environment as did control and most of the mDia1- and mDia2-knockdown cells. In several cases, we observed clusters of cells that would not dissociate on laminin. In other cases, single migrating cells attached to nearby cells, and the migration was slowed (Supplemental Movie S18). In the case of mDia1 knockdown, a minor population of mDia1-knockdown cells moved extremely slowly (mean speed, \<10 μm/h), whereas the majority of the knockdown population moved at approximately the same speed as the control (mean speed, \>20 μm/h; Supplemental Figure S6G). This reflected either heterogeneity in the knockdown population or a compensatory effect in the majority of the cells. The consistently lower migration velocity in the FHOD3-knockdown cells indicated that it had a major role in the migration process. GFP-FHOD3 was detected on parallel actin filaments found in leading processes during linear migration but not at the tips of lamellipodia ([Figure 8A](#F8){ref-type="fig"}), suggesting that FHOD3 was involved in the generation and/or bundling of parallel actin cables that support spindle-shaped cells. In accordance, GFP-FHOD3--overexpressing cells displayed excessive amounts of longitudinal actin bundles ([Figure 8B](#F8){ref-type="fig"}; see also Supplemental Figure S7).

![Expression profile and knockdown of formins in rat C6 glioma cells suggest a role for FHOD3. (A) Expression of formins in cell extracts (30 μg) from three different rat cell lines---PC12, REF52, and C6 glioma---was examined by Western blotting with antibodies against mDia1, mDia2, FMNL1, FHOD1, FHOD3, and FMNL2. α-Tubulin was used as a loading control. (B) C6 glioma cells were transfected with shRNA targeting mDia1, mDia2, and FHOD3. Three days later, transfected cells were seeded on 4-μm laminin micropatterned lines and 2D substrates and imaged for 6--12 h. Average of mean speeds (μm/h) over 6 h. Error bars are SEM. (C--E) Expression of mDia1, mDia2, and FHOD3 in shRNA-transfected cells was examined by Western blotting with antibodies against mDia1, mDia2, and FHOD3. α-Tubulin was used as a loading control.](1246fig7){#F7}

![GFP-FHOD3 localizes on parallel actin filaments found in leading processes. C6 glioma cells were transfected with GFP-FHOD3 and seeded on 20-μm laminin micropatterned lines (A) and 2D substrates (B). Cells were fixed and stained with phalloidin and 4′,6-diamidino-2-phenylindole and imaged using a confocal microscope. (B) GFP-FHOD3--overexpressing cells (asterisks) among untransfected cells display excessive amounts of longitudinal actin bundles. Scale bars, 10 μm.](1246fig8){#F8}

DISCUSSION
==========

We find that the confinement of glioma cells (by either crowding or substrate patterning) leads to a very efficient process of migration on laminin tracks that is similar to in vivo observations in rat brains (see model in [Figure 9](#F9){ref-type="fig"}; [@B33]; [@B5]; [@B105]; [@B49]). When glioma cells become confined to the laminin tracks, they switch from 2D random motion to efficient linear migration. During this linear migration, antiparallel flows of cells are observed along the axis of the laminin tracks. Within these flows, each individual cell moves by a two-phase saltatory process that depends on microtubules and contractile actin bundles in a process similar to in vivo saltatory migration of glioma cells ([@B33]; [@B5]; [@B57]). The linear migration mode is significantly different from the amoeboid movement of tumor cells or migration of fibroblasts in two dimensions and is more related to in vivo neuronal migration ([@B2]) or fibroblast migration on fibronectin or gelatin lines ([@B31], [@B30]; [@B43]; [@B17]). Most surprising is the finding that inhibition of actin polymerization by the Arp2/3 inhibitor causes an increase in the velocity of migration, whereas the formin inhibitor blocks movement. We tested the involvement of three formins---mDia1, mDia2, and FHOD3---in this process and found that only FHOD3 knockdown led to a consistent inhibition of the linear migration.

![Artificial laminin tracks mimic brain blood vessel tracks and allow observations of glioma linear confined migration. Glioma cells follow linear paths coated with laminin, such as the surface of blood vessels, to invade the brain. On these paths, glioma cells use a linear confined saltatory migration. To mimic this type of motility, glioma cells are confined on artificial linear tracks, allowing long-term imaging and high-resolution microscopy. Along these tracks, glioma cells switch from 2D random motion dependent on Arp2/3 and formins (including mDia1 and FHOD3) to efficient linear migration that depends only on formins, including the formin FHOD3, which generates the actin bundles necessary for this linear motility. During this linear migration, antiparallel streams of cells are observed along the axis of the laminin tracks. Within these streams, each individual cell moves by a two-phase saltatory process similar to in vivo saltatory migration.](1246fig9){#F9}

Migratory tumor cells often follow preexisting structures and interfaces in tissues. The dimensionality (two dimensions, linear, three dimensions), the surface coating, and the type of adhesions involved will determine the speed and the mode of tumor spreading. These various tracks and interfaces can be mimicked using biophysical tools such as micropatterns, collagen microtracks, electrospun fibers, microchannels, hydrogels, microfluidic devices, tapered microtracks, and so on, and different modes of motility have been described that depend on cell type and environment ([@B54]; [@B76]; [@B17]; [@B66]; [@B85]; [@B101]; [@B15]; [@B69]; [@B97]). For example, on collagen microtracks, metastatic breast cancer cell migration is independent of matrix metalloproteinases and of integrin β1 but dependent on myosin II, actin, and microtubules ([@B66]; [@B15]). Microfluidic 3D invasion devices have been used to demonstrate that nonmuscle myosin IIB but not IIA is required for the squeezing of the nuclei of carcinoma cells during 3D migration ([@B97]). Using a mix of thin lines connected to rectangles, [@B17]) reported that normal fibroblasts prefer a 2D environment and changed direction when meeting the thin lines, whereas Ras-transformed fibroblasts seemed to not "feel" the topology differences and kept moving persistently from the 2D regions to the lines. Similarly, in our assays, we did not observe any reluctance from the glioma cells to invade the lines from the reservoirs.

Glioma cells use the surface of brain blood vessels to move rapidly throughout the cortex. Brain blood vessels provide a natural linear geometry. Their diameter can vary from 5 to 10 μm for the small capillaries to several millimeters for the main arteries, presenting hundreds miles of various linear tracks available for glioma cells to invade. All blood vessels are lined with a basement membrane composed mainly of laminin. Laminin on brain blood vessels is provided by surrounding astrocytes and endothelial cells, but glioma cells also can secrete their own laminin ([@B25]). Blood vessels can attract glioma by supplying rapid access to diffusible nutrients and oxygen and also by secreting soluble factors such as bradykinin and HIF1α ([@B25]). Glioma cells accumulate around blood vessels, lift off the astrocytic feet, and proliferate rapidly, leading to a complete encasement of the blood vessels ([@B73]; [@B112]; [@B71]; [@B33]; [@B105]). In our assays, on micropatterned lines coated with laminin, individual cells move by a two-phase saltatory process that depends on microtubules and contractile actin bundles in a process similar to their in vivo saltatory migration ([@B33]; [@B5]; [@B57]). The factors that activate the linear migration mode are consistent with the expected environment of the surface of the brain blood vessels: increased cell density, linear geometry, and laminin. Similar to their behavior on our micropatterned laminin tracks, C6 glioma cells adopt a linear migration mode on brain blood vessels ([@B49]). They display a similar spindle shape and migrate more efficiently than isolated cells migrating in the parenchyma, which display multiple motility processes. In the linear migration mode, C6 cells align parallel to each other along the axis of the blood vessels ([@B49]) and display the same saltatory motion dependent on myosin 2 activity ([@B37]; [@B33]; [@B5]; [@B57]). Thus analysis of the linear migration mode in vitro with linear laminin matrices can aid in understanding the in vivo motility on blood vessels.

Other groups have used different tools to mimic the brain environment of glioma cells ([@B84]). Electrospun nanofibers coated with collagen, hyaluronic acid, fibronectin, or Matrigel have been used to mimic white matter tracks. On these fibers, glioma cells adopt a spindle-shaped, elongated morphology similar to the in vivo situation and to their morphology on laminin-coated lines. Their migration is extremely slow, however, unlike on the laminin lines ([@B59]; [@B1]; [@B83]). Using polyacrylamide microchannels that allow the tuning of their stiffness and size, [@B76]) found that U373 glioma cells migrate better in stiff, narrow channels coated with fibronectin than in larger channels. In these channels, cells develop longitudinal actin bundles parallel to the axis of the channel, similar to the bundles we observe in C6 glioma migrating on laminin-coated lines. Composite hydrogels made of fibronectin and hyaluronic acid mimic the interface of blood vessel--parenchyma in a 2D configuration. In that configuration, hyaluronic acid inhibits glioma motility ([@B85]). [@B16]) found that thin, tapered microtracks coated with laminin allow glioma cells to move in a saltatory motion, similar to our observations. In all of these systems, single, isolated glioma cells adopt a spindle shape ([@B59]; [@B1]; [@B83]) and a saltatory mode of motility ([@B16]), with actin bundles parallel to the axis of the lines ([@B76]). Thus the cell shape we observe in both linear and crowded environments is similar to previous results on linear substrates, but rates of movement are faster with laminin or very high confinement ([@B76]).

In linear migration, there is a loss of polarity in the absence of microtubules, which indicates that microtubule transport of components is necessary for one end of the cell to establish polarity. Microtubules could also participate directly in the extension of the leading process by continuously affecting the leading edge, as shown in carcinoma cells moving in collagen-coated microchannels ([@B4]). [@B31]) also reported that microtubules were required and found a large quantity of stabilized microtubules in the elongated fibroblasts migrating on thin lines, similar to stabilized microtubules of neurons required for axon maintenance ([@B90]). Thus the role of microtubules in polarization is not well understood but appears fundamental to linear migration.

Linear migration on laminin depends greatly on actin dynamics, as shown by the results with latrunculin A. Because Arp2/3 is one of the most important players in actin polymerization, it is important to show its role in this motility. Although Arp2/3 activity is present in the linear migration mode, inhibition of Arp2/3 increases cell velocity, indicating that Arp2/3-dependent extensions detract from directed migration and could be involved in sensing the environment. Consistent with that hypothesis, inhibition of Arp2/3 activity causes better alignment of the glioma cells along the lines and parallel to each other. This alignment appears to support the increase in the mean velocity, since cells spend more time moving compared with the control. Similarly, Arp2/3 inhibition accelerates migration of leukocytes in confined conditions, and hence the Arp2/3 lamellipodial protrusions are not required for this other type of confined migration. However, upon Arp2/3 inhibition, instead of forming sharp spindles, leukocytes switch to a blebbing motility ([@B104]). In glioma cells, at the subcellular level, the inhibition of Arp2/3 increases the formation of parallel actin cables, reinforcing the sharp, spindle shape of the cells. These cables probably originate from formin activity, since the formin inhibitor SMIFH2 causes loss of the spindle shape. Formin-family proteins regulate cytoskeletal organization both directly via actin interactions and indirectly via regulatory proteins. They can nucleate, polymerize, and (in some cases) bundle actin filaments ([@B48]; [@B65]; [@B81]; [@B78]; [@B14]). Activation of the formins in the gliomas is not well understood. We found that FHOD3 is involved in linear migration, but additional formins might be involved as well. The localization of FHOD3 suggests that it could participate in the extensive bundling of actin filaments along the leading process similar to its function in muscle cells ([@B55]; [@B61]; [@B56]). Along with FHOD3, actin bundling proteins such as fascin, which also organize actin filaments in parallel bundles, can promote glioma migration in vitro and in vivo ([@B53]). During the course of our study, [@B77]) published results on the importance of FHOD3 in promoting Arp2/3-independent carcinoma cell invasion into fibronectin-rich 3D ECM. In that case, cells form dynamic actin spikes that could be generated by the same machinery as the leading processes formed by glioma cells on laminin tracks. Other formins could be also involved in glioma linear migration, including mDia1 and mDia2, which could actually compensate for each other, as suggested in other processes ([@B98]; [@B62]; [@B87]; [@B80]; [@B32]; [@B51]; [@B44]). The localization of mDia2 at the tip of the leading process and the advancing ends of actin cables indicates that mDia2 could nucleate new filaments from the edge of the leading process in a similar manner to filopodia extension ([@B110]; Supplemental Figure S6C). Formin can be activated via several pathways, including the activation of Rho GTPases ([@B19]; [@B89]; [@B111]; [@B12]). During linear migration, topology- and density-sensing receptors must activate formin pathways of motility and inhibit some Arp2/3-dependent pathways, allowing cells to adopt a spindle shape by organizing actin filaments in parallel arrays.

Several lines of evidence indicate that N-cadherin plays a role as a density sensor and triggers Arp2/3 inhibition. Supporting this hypothesis, N-cadherin activity leads to the inhibition of Rac1 ([@B96]). Rac1 GTPase activity is low in glioma cells migrating rapidly on blood vessels compared with glioma cells migrating slowly in the parenchyma ([@B49]), and [@B52]) found that Rac1 inhibition favors cell migration in confined spaces. Similarly, [@B31]) found that fibroblast migration on thin lines is unaffected or potentiated by Rac knockdown. Low Rac1 GTPase activity could cause partial inhibition of the Arp2/3 complex, which would increase the velocity of linear migration. Hepatocyte growth factor--treated Madin--Darby canine kidney cells express N-cadherin instead of E-cadherin, lowering their cell-to-cell adhesion, and as a consequence, cells migrate in parallel arrays in three dimensions, displaying sharp, spindle shapes and contain parallel actin cables similar to glioma cells during linear migration in our experiments ([@B91], [@B92]). Moreover, wound-healing experiments indicate that N-cadherin plays a role in glioma migration ([@B13]). This implies that N-cadherin could be involved as a density sensor and activate the linear migration by inhibiting Rac and Arp2/3 activity.

Another aspect of linear migration is that low cell--cell adhesion allows the cells to move efficiently in a crowded environment. Unlike E-cadherin--expressing epithelial cells, which, on similar micropatterns, migrate in the same direction ([@B107]), glioma cells move as single, isolated cells in opposite directions on both sides of the lines and keep passing each other. This observation is extremely relevant to the glioma situation, since glioma cells proliferate along blood vessels, creating an extremely dense environment. Using micropatterns, [@B68]) found that fibroblasts migrating on the sides of large lines adopt a spindle shape and migrate in a similar manner as on thin lines and suggested that an increase in cell density promotes cell migration. Further, using hybrid patterns of grooves and flat surfaces, [@B70]) found that steric mechanical interactions due to high cell density were sufficient to propagate guidance signals. Similar parallel organization has been described for glioma cells in vitro and other cancer cells in 3D matrices ([@B28]; [@B91], [@B92]). At high density, glioma cells can organize in parallel arrays spontaneously in tissue culture dishes ([@B10]; [@B28]). However, the presence of linear geometric cues, such as laminin-coated lines (or blood vessel tracks), greatly promoted the organization of parallel arrays. Unlike the nontransformed cells, gliomas do not stop moving in confluent cultures but instead cooperate by aligning and adopting the linear migration. This means that they influence each other through cell--cell contacts but do not bind strongly, so that cells can still detach easily from each other.

In terms of understanding and possibly inhibiting the dissemination of glioma cells, the distinct nature of the linear migration mode opens the possibility of selectively inhibiting that process. There are several possible approaches, ranging from physical to targeted chemical approaches. For example, [@B58]) used the linear migration properties of glioma cells to trap them into an extracortical cytotoxic hydrogel using linear conduits coated with laminin. However, this approach would not prevent motile cells from invading other parts of the brain. If a distinct molecular pathway in linear migration could be identified, then that pathway could potentially be targeted by a specific inhibitor, since normal adult cell activities are likely to be unaffected by inhibiting this specific type of motility. A better understanding of the linear migration mode will make it easier to design treatments in the future.

In conclusion, we believe that the linear migration mode is a distinct type of motility that can be activated in a number of different cell types, such as fibroblasts and transformed epithelial cells, but is particularly damaging in glioblastoma cells because it causes rapid dissemination of glioma throughout the brain. The linear migration mode is characterized by a two-phase motile process that is activated by a laminin matrix in either a linear topology or a crowded cell environment in which cell--cell adhesion is weak. It requires an unusual balance of actin polymerization systems that emphasizes formins and not Arp2/3. Thus it is potentially a powerful tool for identifying new targets such as FHOD3.

MATERIALS AND METHODS
=====================

Cell culture and transfections
------------------------------

C6 rat glioma cells were obtained from the American Type Culture Collection (Manassas, VA) and grown in high-glucose DMEM supplemented with 10% heat-inactivated fetal bovine serum and glutamine (Invitrogen, Carlsbad, CA). Graded brain tumor specimens were obtained with informed consent as part of a study protocol approved by the SingHealth Centralised Institutional Review Board A. hGPCs were isolated and cultured as described previously ([@B22]) as tumor spheres in high-glucose DMEM/F-12 (3:1) supplemented with sodium pyruvate, nonessential amino acids, penicillin/streptomycin, B27 supplement (Invitrogen), basic fibroblast growth factor (bFGF; 20 ng/ml), epidermal growth factor (EGF; 20 ng/ml; Gene-Ethics (Asia), Singapore), and heparin (5 μg/ml; Sigma-Aldrich, St. Louis, MO). For transfection and migration assays, hGPCs were cultured as monolayers on laminin (10 μg/ml)--coated Petri dishes for several days before transfection. HGPCs and C6 transfections were performed with a Neon electroporator (Invitrogen) as per manufacturer\'s recommendations.

Reagents
--------

mCherry paxillin cDNA was from Clare Waterman (National Heart, Lung, and Blood Institute, Bethesda, MD), PM-GFP (plasma membrane marker) cDNA was from Sergio Grinstein (University of Toronto, Toronto, Canada), Arp3-pmCherryC1 was a gift from Christien Merrifield (Medical Research Council Laboratory of Molecular Biology, Cambridge, United Kingdom; Addgene plasmid \#27682; Addgene; [@B94]), and GFP-mDia2 cDNA was from Alexander Bershadsky (MBI, Singapore). GFP-FHOD3 cDNA was from Elisabeth Ehler (King's College London, United Kingdom). Laminin, collagen, and fibronectin were from Roche Applied Science (Penzberg, Germany). Poly-[l]{.smallcaps}-lysine (0.01% solution), (--)-blebbistatin, latrunculin A, nocodazole, and CK666 were from Sigma-Aldrich. Formin inhibitor SMIFH2 was obtained from [Hit2Lead.com](http://Hit2Lead.com) (San Diego, CA). Alexa Fluor 568--phalloidin was obtained from Invitrogen. Far Red--conjugated phalloidin was from Biotium (Hayward, CA). Rabbit anti-mDia2 antibody (DP3491) was from ECM Biosciences (Versailles, KY), monoclonal anti-mDia1 antibody (610848) was from BD biosciences (Franklin Lakes, NJ), rabbit anti-FMNL1 (ab97456) and anti-FMNL2 antibodies (ab72105) were from Abcam (Cambridge, England); rabbit anti-FHOD1 (SAB4200147), rabbit anti-FHOD3 (AV463242), and mouse anti-tubulin (T9026) antibodies were from Sigma-Aldrich, and phospho--myosin light chain 2 (Ser-19) antibody (\#3671) was from Cell Signaling (Danvers, MA).

Immunofluorescence
------------------

For analysis of endogenous FHOD3 and phospho--myosin light chain 2, C6 cells grown on laminin patterns were fixed and stained as previously described ([@B5]).

Groove microfabrication and micropatterning
-------------------------------------------

Lines of 3--400 μm were printed on non--culture-treated Petri dishes using microcontact printing as previously described ([@B34]; [@B103]). To follow GFP-PM--transfected cells and label F-actin and formins, stamps were performed on hydrophobic, uncoated Ibidi dishes (Ibidi, Munich, Germany) instead of Petri dishes. To follow isolated cells with TIRF imaging, 2- to 5-μm lines were printed on glass coverslips using a deep ultraviolet photopatterning technique as in [@B3]). Cells were incubated for 5 min with Hoechst 33342 (Sigma-Aldrich) to label the nuclei, seeded on the patterns, and incubated at 37°C. At 30--60 min later, the Petri dish was rinsed with culture medium to remove floating cells. Cell imaging typically started within the next hour. Silicon molds for the 2 μm × 2 μm × 2 μm linear grooves were prepared using standard lithography techniques. The linear grooves were transferred to polystyrene by nanoimprinting. Soft lithography was done using the Sylgard 184 Silicone Elastomer kit (1:10 ratio; Dow Corning, Auburn, MI) on the polystyrene hard mold. After demolding, the samples were plasma cleaned and prepared as previously described ([@B93]). Scanning electron microscopy (SEM) and cross-sectional SEM of the polydimethylsiloxane (PDMS) samples were done by sputter coating the samples at 30 mA for 30 s and imaging them at high vacuum using a JSM-6010LV-JEOL microscope (JEOL USA, Huntington Beach, CA).

Microscopy
----------

Long-term imaging was done using an Olympus IX81 microscope equipped with temperature, humidity, and CO~2~ control (Olympus, Tokyo, Japan) or a biostation (Nikon, Melville, NY). Acquisitions were typically obtained over a period from 12 to 24 h using 10× or 20× objectives. TIRF images were obtained through a 60× oil immersion objective with an iLas2 TIRF system connected to an Olympus IX81 microscope equipped with temperature, humidity, and CO~2~ control. Confocal images of phalloidin, phospho-myosin, GFP-mDia2, and FHOD3 were obtained using an LSM710 confocal microscope (Zeiss, Jena, Germany) with a 63× water objective.

shRNA design and cloning
------------------------

shRNAs against rat and human mDia1 and rat mDia2 were designed to target 19 nucleotide sequences and cloned into the *Bam*H1 and *Hin*dIII cloning site of pRNAT-U6/Neo vector (GenScript, Piscataway, NJ), which also contains a GFP marker under a cytomegalovirus promoter control. PAGE-purified oligos (mDia1-human shRNA forward, 5′-GAT CCC GCA GAA GCT TCA AGA TCT TTT CAA GAG AAA GAT CTT GAA GCT TCT GCT TTT TTC CAA A-3′, and reverse, 5′-AGC TTT TGG AAA AAA GCA GAA GCT TCA AGA TCT TTC TCT TGA AAA GAT CTT GAA GCT TCT GCG G-3′; mDia1-rat shRNA forward, 5′-GAT CCC GCC AGA GGA CAT GAA TGA ATT CAA GAG ATT CAT TCA TGT CCT CTG GCT TTT TTC CAA A-3′, and reverse, 5′-AGC TTT TGG AAA AAA GCC AGA GGA CAT GAA TGA ATC TCT TGA ATT CAT TCA TGT CCT CTG GCG G-3′; mDia2-rat-shRNA forward, 5′-GAT CCC GAT CGG ACC AAA TGA AAT GTT CAA GAG ACA TTT CAT TTG GTC CGA TCT TTT TTC CAA A-3′, and reverse 5′-AGC TTT TGG AAA AAA GAT CGG ACC AAA TGA AAT GTC TCT TGA ACA TTT CAT TTG GTC CGA TCG G-3′) were obtained from Integrated DNA Technologies (Coralville, IA). Forward and reverse oligonucleotides, 0.5 nmol, were diluted to 20 μl in water, incubated for 4 min at 94°C, and slowly cooled to 4°C. Annealed oligos were ligated into the *Bam*H1 and *Hin*dIII restriction sites of pRNAT-U6/Neo vector. Successful cloning was confirmed by sequencing. shRNAs against human mDia2 cloned in pGFP-V-RS plasmids under U6 promoter were obtained from OriGene Technologies (Rockville, MD), and shRNAs against human and rat FHOD3 and control were obtained from Thomas Iskratsch (Columbia University, New York, NY; [@B55]).

Tracking and statistical analysis
---------------------------------

Cells bodies were manually tracked using the manual tracking plug-in of Fiji (ImageJ; National Institutes of Health, Bethesda, MD). Lengths of the tracks were used to calculate the mean speeds (distance/time). Imaris software (Bitplane, Zurich, Switzerland) was used to measure cell density over time. GraphPad Prism (GraphPad Software, La Jolla, CA) was used for statistical analysis. The *p* values were calculated using unpaired *t* tests. \**p* \< 0.1, \*\**p* \< 0.01, \*\*\**p* \< 0.001, and \*\*\*\**p* \< 0.0001). Error bars are SEM.
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